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Abstract

This study aimed to evaluate the effects of ketamine, on behavioral parameters, oxidative stress,
and inflammation in the brain of male and female rats submitted to the animal model of maternal
deprivation (MD). Wistar rats were deprived of maternal care in the first 10 days of life (three
hours daily). As adults, male and female rats were divided: control + saline deprived + saline

and deprived + ketamine (15 mg/kg). The behavior was evaluated through the open field and
forced swimming tests. Then brain was removed for analysis of oxidative damage, the activity

of superoxide dismutase (SOD), catalase (CAT), and myeloperoxidase (MPO) activity, and levels
of interleukin-6 (IL-6). MD induced depressive behavior in males and ketamine reversed these
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changes. MD induced an increase in lipid peroxidation in males and females; ketamine reversed
these effects in males. Protein carbonylation was increased in males and females, with ketamine
decreasing such effects. The concentration of nitrite/nitrate increased in males and females,
whereas ketamine decreased this in the PFC of males. SOD and CAT activities were decreased
in male and female deprived groups and deprived groups treated with ketamine. MPO activity
and IL-6 levels increased in males subjected to MD and ketamine reversed this effect. The
results suggest that stressful events in early life can induce behavioral, neuroimmune changes,
and oxidative stress, however, such effects depend on sex and brain area. Ketamine presents anti-
inflammatory and antioxidant properties and could be considered an alternative for individuals
who are resistant to classical treatments.

Keywords

Oxidative stress; interleukin-6; Ketamine; Inflammation; Maternal deprivation; Major depressive
disorder

1. Introduction

Major depressive disorder (MDD) is complex, impacts multiple systems in the brain and
periphery, and alters emotional and cognitive processes that are integral to healthy daily
functioning and quality of life (Albert and Newhouse, 2019). Sex-specific factors have also
been identified in the clinical presentation, prevalence, and resiliency of MDD (Sramek et
al., 2016). According to Kessler (2005), the incidence and prevalence of MDD in women are
two to three times higher than in men. In men, new-onset rates and 12-month prevalence of
MDD remain fairly constant from puberty to old age, but increase in women at puberty and
remain higher than in men until menopause (Kessler, 2003). Besides, there is an emerging
body of literature that shows women and men differ not only in the rate of MDD but also in
the presentation of mood symptoms (Millett et al., 2019). Women experience more somatic
depression, marked by fatigue, sleep disturbance, pain, and anxiety (Silverstein et al., 2013),
whereas men may present with symptoms such as aggression, impulsivity, and substance
abuse (Martin et al., 2013).

Depressive episodes may also leave a scar, such as a cognitive bias for negative information,
that results in maladaptive behavior and dependent stressful events (De Raedt and Koster,
2010). Stress is defined as a sudden inconsistent physical, physiological, and social-
environmental change experienced by an organism (Shah et al., 2005) and there is strong
accumulated evidence that episodic stressors play a causal role in many instances of MDD
(Hammen, 2005). Exposure to stress during early life can have short- or long-term effects
on brain development, and these effects may include learning deficits and/or psychiatric
disorders such as generalized anxiety and depression (Lupien et al., 2009).

There is evidence that MDD is associated with increased peripheral markers of oxidative
stress. Oxidative stress occurs when a biological system is overwhelmed by reactive oxygen
species (ROS), that includes superoxide anion, hydroxyl radical, and hydrogen peroxide, due
to its inability to counteract these free radicals, leading to modifications of lipids, proteins,
and DNA (Liu et al., 2015; Kattoor et al., 2017). These free radicals can trigger lipid
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peroxidation reactions, as well oxidative stress, and DNA mutations (Kujoth et al., 2006).
As the imbalance continues, oxidative stress can induce apoptosis, a programmed cell death
(Samhan-Arrias et al., 2004).

Sex differences in oxidative stress have been observed in numerous basic and clinical
studies, wherein males exhibit higher oxidative stress than females (Dantas et al., 2004;
Wong et al., 2015). Interestingly, sex differences have been observed in the enzyme NADPH
oxidase (NOX) (Dantas et al., 2004; Wong et al., 2015), which is a major oxidative stress
generator in cells (Drummond et al., 2011). Many human and animal studies have implicated
inflammation as a mediator of oxidative stress in the pathophysiology of MDD (Millett et
al., 2019). Interestingly, females and males have known differences in immune activation
(Fish, 2008), and thus the inciting, moderating, or mediating influence of inflammation in
MDD may also differ between the sexes, and could potentially underlie the gender-based
differences in MDD symptomatology and prevalence. Sex differences in markers of MDD
were reported by Domenici et al. (2010), who found 11 plasma analytes with significant
interactions between sex and diagnosis, including growth hormone and proteins involved in
the immune response.

During the past decade, one of the most striking discoveries in the treatment of MDD

was the finding that infusion of a single subanesthetic dose of the N-methyl-p-aspartate
(NMDA) receptor antagonist ketamine induces rapid and sustained antidepressant effects in
treatment-resistant MDD patients and rodents subjected to various antidepressant-predictive
animal models (Réus et al., 2011, 2019). However, intricate behavioral and neurobiological
mechanisms underlying ketamine’s antidepressant actions appear to be brain region- and
dose-dependent and have not yet been fully elucidated. Preclinical studies have shown that
the antidepressant effects of ketamine could also be related to sex difference response in
animal models (Carrier and Kabbaj, 2013; Franceschelli et al., 2015). Previous studies

from our group have been shown the effects of maternal deprivation as well as ketamine
treatment in the oxidative stress and inflammatory parameters. Indeed, early life stress

can induce behavioral changes throughout development, besides inducing oxidative stress,
neuroinflammation, and epigenetic changes (Réus et al., 2013, 2015a, 2015b, 2015¢; 2017).
However, these studies it was performed only in male Wistar rats. Studies exploring the
effects of maternal deprivation and ketamine acute treatment have been little explored in the
context of sex. Thus, to understand the molecular mechanisms underlying sex differences in
the antidepressant-like response to ketamine, the objective of this study was to evaluate the
effects of a single dose of ketamine on stress oxidative parameters and IL-6 levels in the
hippocampus and PFC of male and female Wistar rats submitted to early life stress.

2. Experimental procedures

2.1. Animals

For this study, male and female Wistar rats (3 months of age, weighing 250-280 g) were
obtained from the breeding colony of Universidade do Extremo Sul Catarinense (UNESC,
Cricima, SC, Brazil) and were housed for 1 week in the presence of males for mating
purposes. At the end of 7 days, the pregnant rats were housed individually with ad libitum
access to food and water. The pregnant rats remained individually housed for the birth
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of the pups and their sexual identification. All mothers and pups were kept on a 12-h
light/dark cycle (06:00 a.m. to 06:00 p.m.), at a temperature of 23 £ 1 °C. One day

after birth, the maternal deprivation protocol was applied to a percentage of the male and
female pups from days 1-10 after birth; the other males and females were used as controls.
All of the experimental procedures involving animals were performed following the NIH
Guidelines for the Care and Usage of Laboratory Animals, within the Brazilian Society for
Neuroscience and Behaviour recommendations for animal care, and with the approval of the
local Ethics Committee under protocol number 132-2019.

2.2. Experimental groups and maternal deprivation (MD) protocol

The deprivation protocol consisted of removing the mother from the residence box and
taking her to another room. The pups were maintained in their home cage (grouped in

the nest in the presence of maternal odor). The pups were deprived of the mother for 3

h per day during the postnatal day (PND) 1-10. We prefer this MD protocol because it
does not require the manipulation of the pups (Réus et al., 2017). At the end of each daily
deprivation session, the mothers were returned to their home cages; this procedure was
carried out during the light part of the cycle, between 9:00 a.m. and 12:00 p.m. The control
rats remained in their resident boxes together with their mothers throughout the experiment.

2.3. Experimental groups

On PND 60, male and female Wistar ratswere divided into three experimental groups (n =
12): 1) control (non-deprived) + sal; 2) deprived + sal; 3) deprived + ketamine. Ketamine
was administered intraperitoneally at a dose of 15 mg/kg sixty minutes before behavioral
tests. All treatments were administered in a volume of 1 mL/kg (Réus et al., 2015a).

2.4. Behavioral tests

2.4.1. Open field test (OFT)—Male and female Wistar rats were subjected to the OFT
to evaluate possible effects on spontaneous locomotor activity. The test was performed in
an apparatus that consisted of a brown plywood 45 x 9 x 60 cm arena surrounded by 50

cm high wooden walls and containing a frontal glass wall. The floor of the open field

was divided into nine rectangles (15 x 9 x 20 cm each) by black lines. The animals were
gently placed in the left rear quadrant and left to explore the arena, and then, the number of
horizontal (crossings) and vertical (rearings) movements performed by each rat during the 5
min observation period was counted by an expert observer (Réus et al., 2011).

2.4.2. Forced swimming test (FST)—After the OFT, the same animals were subjected
to the FST. The FST was conducted according to previous reports (Porsolt et al., 1977; Réus
etal., 2011). The test involves two individual exposures to a cylindrical tank filled with
water, in which rats cannot touch the bottom of the tank or escape. The tank is made of
transparent Plexiglas, 80 cm tall, 30 cm in diameter, and filled with water (22-23 °C) to a
depth of 40 cm. On PND 60, the rats were individually placed in the cylinder containing
water for 15 min (pre-test session). On PND 61, one hour after treatments, the rats were
again subjected to the FST for a 5 min session (test session), and the immobility, swimming,
and climbing times of rats were recorded in seconds.

Brain Res Bull. Author manuscript; available in PMC 2023 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abelaira et al.

Page 5

2.5. Brain samples

After the behavioral tests were complete, the animals were killed by decapitation. The
skulls were removed, then the whole brain was removed and placed on a filter paper and
Petri dish on ice and then and the PFC and hippocampus were quickly isolated by hand
dissection using a magnifying glass, a spatula, and a thin brush by a qualified researcher.
Also, the dissection was based on the histological distinctions described by Paxinos and
Watson (1986). After the removal of the structures, they were placed in microcentrifuge
tubes and stored in a freezer at =70 °C before biochemical analysis (n = 5).

2.6. IL-6 levels

The level of interleukin (IL)-6 was tested using an ELISA test kit (RAB0311 - Sigma
Aldrich). The operations were carried out in strict accordance with the kit instructions.
The test kit was maintained at room temperature for 20 min, and the detergents were
prepared. A total of ten standard wells (including 2 blank control wells, no samples, and
enzyme labeling reagents) were set on the enzyme-labeled plate, and the standard curve
was plotted after standard dilution. The samples were diluted and then placed into the
sample wells of the enzyme-labeled plate. The plates were shaken gently after the addition
of samples and then sealed for incubation for 30 min at 37 °C. The liquid in the wells

was removed, detergents were added and removed after 30 s. The process was repeated

5 times, and then the samples were dried. The enzyme labeling reagents (50 uL) were
added and incubated for 30 min at 37 °C. Then the liquid in the wells was removed, the
detergents were added and removed after 30 s. The process was repeated five times and then
the sample was dried. Next, chromogenic agents, A was added to each well. After gentle
mixing, the samples were incubated at 37 °C for 15 min, and 50 pL stop buffer was added.
The OD value per well was measured respectively at an excitation wavelength of 450 nm
using a microplate reader (Spectramax ID3) within 10 min with the blank well serving as
the control. The concentration standard curve was plotted, and the sample concentration
was recorded according to the standard curve. Besides, standards and samples run were in
duplicate.

2.7. Oxidative stress parameters

2.7.1. Thiobarbituric acid reactive species—The formation of thiobarbituric acid
reactive substances (TBARS) during an acid-heating reaction was measured as an index

of oxidative stress as previously described (Esterbauer, 1990). Briefly, the samples were
mixed with 1 mL of 10 % trichloroacetic acid and 1 mL of 0.67 % thiobarbituric acid
(Sigma-Aldrich, Saint Louis, MO, USA) and then heated in a boiling water bath for 15
min. Malondialdehyde (MDA) equivalents were determined at an absorbance of 535 nm
using 1,1,3, 3-tetramethoxypropane (Sigma-Aldrich, Saint Louis, MO, USA) as an external
standard.

2.7.2. Protein carbonyl—The oxidative damage to proteins was assessed by the
determination of carbonyl groups based on the reaction with dinitrophenylhydrazine (Sigma-
Aldrich, Saint Louis, MO, USA) as previously described (Levine et al., 1990). Briefly,
proteins were precipitated by the addition of 20 % trichloroacetic acid and redissolved in
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dinitrophenylhydrazine, with absorbance being read at 370 nm. The results were expressed
as protein carbonyls per mg of protein.

2.7.3. Myeloperoxidase (MPO) activity—Neutrophil infiltrate in tissues was
measured by MPO activity (De Young et al., 1989). Brain tissues were homogenized (50
mg/mL) in 0.5 % hexadecyltrimethylammonium bromide and centrifuged at 15,000 x g

for 40 min. The suspension was then sonicated three times for 30 s. An aliquot of the
supernatant was mixed with a solution of 1.6 mM tetra-methylbenzidine and 1 mM H,05.
The activity was measured spectrophotometrically as the change in absorbance at 650 nm at
37 °C. Data were expressed as mU per mg of protein.

2.7.4. Measurement of nitrite/nitrate concentration—Total nitrite concentrations
were measured using the Griess reaction, by adding 100 pL of Griess reagent 0.1 % (w/v)
naphthyl ethyl and amide dihydrochloride in H,0 and 1% (w/v) sulphanilamide in 5%
(v/v) concentrated H3POy, vol. [1:1] to the 100 pL sample. Absorbance was recorded in

a spectrophotometer at 550 nm (Green et al., 1982). Data were expressed as nmol of nitrite/
nitrate concentration per mg of protein.

2.7.5. Oxidative damage to proteins by assessing the integrity of sulfhydryl
groups—The number of total thiol groups in the PCF and the hippocampus was
determined using 5,5 "-Dithiobis (2-nitrobenzoic acid) (DTNB) (Aksenov and Markesbery,
2001). Briefly, 30 u L of a sample was mixed with 1 mL of PBS /1 mM EDTA (pH, 7.5).
The reaction was started by adding 30 u L of 10 mM DTNB solution in PBS. Control
samples, which do not include DTNB or protein, were evaluated simultaneously. After

30 min of incubation at room temperature, the absorbance of 412 nm was measured and
quantities of TNB formed (equivalent to the amount of SH groups formed) determined. The
results are expressed as levels of sulfhydryl proteins per milligram of protein.

2.7.6. Analysis of superoxide dismutase (SOD) activity—The method used for the
assay of SOD activity was based on the capacity of pyrogallol to autoxidize, a process
highly dependent on peroxide ion, a substrate for SOD (Aebi, 1984). The inhibition

of autoxidation of this compound occurs when SOD is present; the enzymatic activity

can then be indirectly assayed spectrophotometrically at 420 nm using a double-beam
spectrophotometer with temperature control. A calibration curve was generated using
purified SOD as the standard to calculate the specific activity of SOD in the samples. A

total of 50 % inhibition of pyrogallol autoxidation is defined as 1 unit of SOD, and the
specific activity is represented as units per mg of protein.

2.7.7. Analysis of catalase (CAT) activity—The activity of CAT was assayed using

a double-beam spectrophotometer with temperature control. This method is based on the
disappearance of H,O, at 240 nm in a reaction medium containing 20 mM H»05, 0.1 %
Triton X-100, 10 Mm potassium phosphate buffer, and 0.1-0.3 mg protein/mL at a pH of 7.0
(Bannister and Calabrese, 1987). One unit of CAT is defined as 1 mol of hydrogen peroxide
consumed per minute, and the specific activity is reported as units per mg protein.
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2.8. Protein determination

All biochemical measures were normalized to the protein content using bovine albumin as
the standard (Lowry et al., 1951).

2.9. Statistical analysis

The data are presented as mean = standard error of the mean (S.E.M). Differences among
experimental groups in the assessment of behavior, oxidative stress parameters, and 1L-6
levels were determined by one-way ANOVA, followed by Tukey post-hoc test when
ANOVA was significant. Differences between sex and group interaction were determined
by two-way ANOVA. P values < 0.05 were considered to be statistically significant.

3. Results

3.1. Effects of MD and ketamine treatment on the behavior of males and females Wistar

rats

Fig. 1A shows the effects of MD and ketamine treatment on the forced swimming test

in male and female Wistar rats. In males, the deprived group that received saline had an
increase in immobility time when compared to non-deprived rats; and still, the deprived
group treated with ketamine was able to reverse this increase (F = o_»g 11.323; p = 0.001;
Fig. 1A). Also, the deprived males treated with saline decreased the climbing time when
compared to the non-deprived group (F = 2_og 4.693; p = 0.021; Fig. 1A) and the deprived
males treated with ketamine increased the swimming time when compared to deprived rats
treated with saline (F = o_»q 6.334; p = 0.007; Fig. 1A). Females did not show statistical
differences, in either groups, for immobility (F = 5 2.790; p = 0.073; Fig. 1A), climbing
(F = 990 2.790; p = 0.073) and swimming times (F = »_»¢ 0.968; p = 0.389; Fig. 1A) when
compared to non-deprived group. Also, two-way ANOVA revealed differences for sex and
groups interaction in the immobility (F = 5_gg 6.423; p = 0.002), in the climbing (F = o_gg
4.079; p = 0.021), and in the swimming times (F = o_gg 6.459; p = 0.002). In the immobility
and climbing times it was showed differences for sex in the maternal deprivation, and in the
swimming for ketamine treatment.

Fig. 1B shows the effects of MD and ketamine treatment on the locomotor activity of male
and female Wistar rats. In males, there was a decrease in the number of rearings in the
deprived group treated with ketamine when compared to non-deprived animals (F = »_yg
4.817; p = 0.020; Fig. 1B). There was no statistical difference in the number of crossings

in deprived males treated with saline and ketamine when compared to the control animals

(F = 990 0.084; p = 0.920; Fig. 1B). Regarding females, there was no statistical difference,
in any of the groups, for the numbers of crossings (F = »_y¢ 1.237; p = 0.301; Fig. 1B)

and rearings (F = o_pg 1.535; p = 0.228; Fig. 1B) when compared to non-deprived group.
Two-way ANOVA did not revealed differences for sex and groups interaction in the numbers
of crossings (F = o_gp 0.283; p = 0.754) and rearings (F = ,_gp 0.582; p = 0.561).
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3.2. Effects of MD and ketamine treatment on oxidative stress parameters in PFC and
hippocampus of male and female Wistar rats

Fig. 2 shows the effects of MD and ketamine treatment on oxidative stress parameters in
the PFC and hippocampus of male and female Wistar rats. Deprived male rats treated with
saline had an increase in TBARS levels in PFC (F = ,_15 22.356; p < 0.0001; Fig. 2A) and
hippocampus F = 5_14 61.982; p < 0.0001; Fig. 2A) when compared to non-deprived males,
however, in the deprived group treated with ketamine there was a decrease in TBARS levels
compared to the deprived group treated with saline in the two brain structures. In females,
the deprived group treated with saline increase the TBARS levels in the hippocampus when
compared to the non-deprived group (F = »_15 7.089; p = 0.007; Fig. 2A). There was no
statistical difference for TBARS levels in the PFC of any female groups (F = 2_150.418; p
= 0.666; Fig. 2A). Two-way ANOVA revealed differences for sex and groups interaction on
TBARS levels in the PFC (F = o_»7 14.952; p < 0.0001) and hippocampus (F = 5_og 16.755;
p < 0.0001).

Regarding the protein carbonyl levels observed in Fig. 2B, there was an increase in PFC

of deprived male rats treated with saline compared to the control group (F = ,_12 8.275; p
= 0.006; Fig. 2B). In the hippocampus of male rats, there was also an increase in protein
carbonyl levels in deprived rats treated with saline compared to the control group, however,
the deprived animals treated with ketamine reversed this increase (F = 5_14 11.132; p =
0.001; Fig. 2B). In females’ rats, there was an increase in protein carbonyl levels, in PFC, in
deprived rats treated with saline compared to non-deprived rats and in PFC (F = o_15 6.623;
p = 0.009; Fig. 2B) and hippocampus (F = »_15 8.432; p = 0.004; Fig. 2B) the deprived
female rats treated with ketamine reduced these levels. Two-way ANOVA did not revealed
differences for sex and groups interaction on carbonyl protein levels in the PFC (F = o_»7
0.367; p = 0.695) and hippocampus (F = 5_»9 0.934 p = 0.404).

The nitrite/nitrate concentration is shown in Fig. 2C. In the PFC of the male rats, an increase
in nitrite/nitrate concentration was observed in deprived rats treated saline compared to the
non-deprived group and the deprived group treated with ketamine were able to reserve this
increase (F = o_13 11.956; p = 0.001; Fig. 2C). In the hippocampus of male rats, there

was an increase in nitrite/nitrate concentration in deprived rats treated with saline compared
to the control group (F = »_13 8.329; p = 0.05; Fig. 2C). In the PFC of female rats, it

was observed an increase in nitrite/nitrate concentration in deprived rats treated with saline
compared to the non-deprived group (F = »_15 3.979; p = 0.041; Fig. 2C). There was no
statistical difference in the hippocampus of females’ rats for any groups (F = 5_35 0.552;

p = 0.587; Fig. 2C). Two-way ANOVA did not revealed differences for sex and groups
interaction on nitrite/nitrate concentration in the PFC (F = 5_»g 0.471; p = 0.628); however,
in the hippocampus differences it was found for sex between control groups (F = 5_pg 7.868
p = 0.001).

The sulfhydryl content was showed in the Fig. 2D. A reduction was found in both the PFC
(F =212 8.199; p = 0.006; Fig. 2D) and the hippocampus (F = »_14 21.731; p < 0.0001;
Fig. 2D) of deprived male rats treated with saline compared to control group and this effect
was not reversed by treatment with ketamine. In the PFC (F = 5_15 0.740; p = 0.494) or
hippocampus (F = o_15 0.740; p = 0.495; Fig. 2D) of females, no statistical differences
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were shown in this parameter. Two-way ANOVA revealed differences for sex and groups
interaction on sulfhydryl content in the PFC (F = 5,_o7 4.681; p = 0.017) and hippocampus (F
=9.998.543;p = 0.01).

3.3. Effects of MD and ketamine treatment on the activity of the antioxidant enzymes SOD
and CAT in PFC and hippocampus of male and female Wistar rats

Fig. 3 demonstrates the effects of MD and ketamine treatment on the activity of the
antioxidant enzymes SOD and CAT in the PCF and hippocampus of male and female Wistar
rats. As seen in Fig. 3A, in the hippocampus (F = »_14 47.833; p < 0.0001; Fig. 3A) and

in the PFC (F = o_12 12.967; p = 0.001; Fig. 3A) of male rats, SOD activity was decreased
in the deprived groups treated with saline and ketamine when compared with the control
animals. In females, there was a decrease in SOD activity in the PFC of the deprived group
treated with ketamine compared to the control (F = o_15 4.689; p = 0.026; Fig. 3A) and

a decrease in the hippocampus of the deprived groups treated with saline and ketamine
compared to control animals (F = o_14 19.651; p < 0.0001; Fig. 3A). Two-way ANOVA did
not revealed differences for sex and groups interaction on SOD activity in the PFC (F = 5_57
0.910; p = 0.413); however, in the hippocampus differences it was found for sex between
control groups (F = 2_pg9 5.165 p = 0.012). The activity of the antioxidant enzyme CAT is
illustrated in Fig. 3B. In male rats, CAT activity was decreased in PFC (F = 5_13 16.820; p
< 0.0001; Fig. 3B) and in the hippocampus (F = »_14 7.176; p = 0.007; Fig. 3B) of deprived
animals treated with saline and ketamine when compared to the control group. In female
rats, a decrease on CAT activity was also observed in PFC (F = 5_15 20.465; p < 0.0001;
Fig. 3B) and hippocampus (F = »_15 45.243; p < 0.0001; Fig. 3B) of deprived groups treated
with saline and ketamine compared to the control group. Two-way ANOVA did not revealed
differences for sex and groups interaction on CAT activity in the PFC (F = 5_53 0.817; p =
0.203) and hippocampus (F = _pg 0.910 p = 0.413).

3.4. Effects of MD and ketamine treatment on inflammatory parameters in PFC and
hippocampus of male and female Wistar rats

Fig. 4A demonstrates that in the hippocampus of deprived male rats treated with saline
there was an increase in MPO activity when compared to the control group, but in deprived
animals treated with ketamine, there was a decrease (F = 5_13 165.004; p < 0.0001; Fig.
4A). No statistical difference was observed in the PFC of male rats in any groups (F = »_13
2931; p = 0.089; Fig. 4A). In females, there was a decrease in MPO activity in the PFC of
the deprived group treated with ketamine compared to the control group and the deprived
group treated with saline (F = o_13 12.654; p = 0.001; Fig. 4A). There was no statistical
difference in the hippocampus of females rats for any groups (F = 5_15 2.542; p = 0.112; Fig.
4A). Two-way ANOVA revealed differences for sex and groups interaction on MPO activity
in the PFC (F = 5_»g 40.160; p < 0.0001) and hippocampus (F = »_»g 40.160; p < 0.0001).
Effects it was observed for sex in the maternal deprivation and ketamine treatment in the
hippocampus and the ketamine treatment in the PFC.

Fig. 4B demonstrates the effects of MD and ketamine treatment on IL-6 levels in the PCF
and hippocampus of male and female Wistar rats. In male rats, an increase in IL-6 levels was
observed in the hippocampus of deprived rats treated with saline compared to the control
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group and the deprived rats treated with ketamine had a reversion of these effects (F = ,_12
34.425; p < 0.0001; Fig. 4B). In the PFC of male rats there was no statistical difference

for any (F = o_11 0.793; p < 0.0001; Fig. 4B). In the PFC (F = ,_1» 0.633; p = 0.548; Fig.
4B) and hippocampus (F = o_12 0.456; p < 0.644; Fig. 4B) of female rats, there was also no
statistical difference for any groups. Two-way ANOVA did not revealed differences for sex
and groups interaction on IL-6 levels in the PFC (F = 5_»3 1.700; p = 0.204); however, in the
hippocampus differences it was found for sex in the maternal deprivation (F = _4 16.252 p
<0.0001).

4. Discussion

Some studies have observed differences between females and males in responses to
treatment with antidepressants (Khan et al., 2005), in the ability to remember and mood
changes (Loewhental et al., 1995), and in the modulation of depressive symptoms. Still,
the influence of social and psychological aspects seems important not only in the genesis
of depressive states but also in the way of presenting symptoms and the role that they
can play in social and family relationships (Justo et al., 2007). In some contexts, women
seem to have more somatic symptoms than men. Regarding the possible differences

in the depressive manifestations between men and women, in a biological context, the
hormonal functioning and its consequences call attention (Justo et al., 2006). Concerning
the pharmacological treatment of MDD, there is controversy about the difference in the
effectiveness of antidepressants between genders (Gorman, 2006).

Still, the behavioral and neurobiological mechanisms underlying the antidepressant action of
ketamine appear to be related to the brain region and the dose used. Preclinical evidence
indicates that ketamine has rapid effects on synaptogenesis in PFC and hippocampus,

two brain regions that have been strongly implicated in the pathophysiology of MDD

(Li etal., 2010). Studies show that these two brain regions have been implicated in
sex-related neurobehavioral responses to stress and antidepressant treatments (Anderson
etal., 2011). Specifically, it is believed that the changes induced by ketamine in the
hippocampus and PFC trigger molecular cascades related to neuroplasticity that, in turn,
regulate the synthesis of synaptic proteins involved in synaptogenesis and presynaptic
release machinery (Li et al., 2010). Evidence indicates that females are more sensitive to
NMDA receptor antagonists, such as dizocilpine (MK-801), phencyclidine, and ketamine
than males (Honack and Loscher, 1993). In fact, Honack and Loscher (1993) showed that
female rats are more responsive to the motor properties of MK-801 and lower doses of the
drug. Further, a previous study has shown that female rats tend to sleep more than males
after the administration of anesthetic doses of ketamine (Douglas and Dagirmanjian, 1975).
Jevtovic-Todorovic et al. (2001) observed that the neurotoxic effects of ketamine (40—80
mg/kg) on the retrosplenial cortex are more severe in female rats. Besides, a clinical study
has shown that women who received ketamine in anesthetic doses had more psychotropic
effects, such as hallucinations than men (Jevtovic-Todorovic et al., 2001). Although women
can develop MDD at approximately twice the rate of men (Grigoriadis and Robinson,
2007), research on the relevant neurobiological antidepressant effects of ketamine has
concentrated if almost exclusively in males. Studies have shown that maternal deprivation
exposure increased plasma levels of adrenocorticotropic hormone and corticosterone in
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adult offspring, suggesting hyperactivation of the HPA axis and insensitivity to negative
feedback of the stress hormone, cortisol (Gesing et al., 2001). In addition, the cortisol
response to stress has already shown differences between the sexes by decreasing during
the high estradiol phases of the menstrual cycle in females (Albert and Newhouse, 2019).
The present study showed that male rats submitted to maternal deprivation increased the
immobility time and decreased the climbing time in the forced swim test, demonstrating

a depressive-like behavior and ketamine was able to reverse these changes, showing an
antidepressant effect. Corroborating the present study, other findings also demonstrated the
antidepressant effect of ketamine in male rats submitted to maternal deprivation and tested
in the forced swimming test (Réus et al., 2013, 2015a; Maciel et al., 2018). Unlike males,
the present study showed that maternal deprivation was not able to induce depressive-like
behavior in females. In fact, sex differences have already been described (Drossopoulou et
al., 2004; Dalla et al., 2005), indicating that male rats exhibit longer immobility times than
in females (Bielajew et al., 2003), although previous studies have reported contradictory
results (Drossopoulou et al., 2004; Dalla et al., 2005). Carrier and Kabbaj (2013) and
Franceschelli et al. (2015) demonstrated that female rats were more sensitive to the rapid
antidepressant effects of ketamine in the forced swimming test. This variation in results
may be related to behavioral changes associated with the estrous cycle of females (Frye

and Wall, 2002). In the open field test, the present study showed that there was a decrease
in the number of rearings in deprived male rats treated with ketamine, with no significant
change in the number of crossings in males and crossings and rearings in females. Previous
studies have already shown that ketamine did not affect the open field test (Garcia et al.,
2008a, b). However, another study showed that C57BL/6 mice treated with ketamine had an
increase in locomotor activity compared to Balb/c mice (Akillioglu et al., 2012). The results
of the present study suggest that the decrease in the number of rearings in the open field
test may be related to the increase in immobility time in the forced swimming test, however,
more studies are needed to explain why ketamine had this effect in the deprived animals.
Constant exposure to different stress protocols induces the formation of an oxidative stress
condition, which is characterized by the imbalance between the increase in the production of
highly reactive species and the decrease in tissue antioxidant capacity. Sexual differences in
oxidative stress parameters have been observed in preclinical and clinical studies, in which
males had higher oxidative stress than females (Dantas et al., 2004; Wong et al., 2015).
Gender differences were observed in the enzyme NADPH oxidase (Dantas et al., 2004;
Wong et al., 2015), which is an important generator of stress oxidative in cells (Drummond
etal., 2011).

Studies indicate the presence of high markers of oxidative stress and inflammation in

rats submitted to the maternal deprivation protocol (Réus et al., 2017). The present study
showed that in deprived male rats there was an increase in TBARS levels in the PFC

and the hippocampus, however, the treatment with ketamine was able to reverse this
increase. In deprived females, there was an increase in TBARS levels in the hippocampus.
Regarding the levels of protein carbonylation, in both deprived males and females, there
was an increase in protein carbonylation levels, and treatment with ketamine reduced these
levels. Corroborating the present work, a previous study showed that male rats submitted
to the maternal deprivation protocol had an increase in the levels of lipid peroxidation
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and protein carbonylation and that the administration of a single dose of ketamine-S
reversed this damage when evaluated 14 days after the application (Réus et al., 2015b).
Maternal deprivation promotes hyperfunction of the hypothalamic-pituitary-adrenal axis
and exacerbated corticosterone release and numerous studies correlate the increase in
glucocorticoids with the increase in oxidative stress (Schiavone et al., 2015). Findings

in the literature have already shown that increased levels of nitrous oxide and nitrite

are associated with the pathophysiology of MDD (Maes et al., 2011). The present study
showed an increase in nitrite/nitrate concentration in the PFC and hippocampus of deprived
male rats and the treatment with ketamine reversed this increase only in the PFC. In

the deprived females, there was an increase in nitrite/nitrate concentration in the PFC,
however, the treatment with ketamine was not able to reverse this increase. Maciel et

al. (2018) showed that treatment with ketamine was able to reverse the increase in nitrite/
nitrate concentration in male rats submitted to the maternal deprivation and chronic mild
stress protocols only in some brain regions. This is the first study that shows the effects

of maternal deprivation and ketamine treatment on nitrite/nitrate concentration in female
rats. These results suggest that the neuroprotective effect of ketamine on the nitrite/nitrate
concentration may be related to sex and different brain regions. The present study also
demonstrated an increase in MPO activity in the hippocampus of male rats submitted to
maternal deprivation and treatment with ketamine was able to reverse this increase; and in
deprived females, treatment with ketamine decreased the activity of MPO in PFC concerning
the control and deprived groups. In fact, the increase in MPO activity has been correlated
with lipid peroxidation and depressive symptoms in humans (Vaccarino et al., 2008). In
addition to ROS, MPO induces the production of pro-inflammatory cytokines involved

in neurodegenerative diseases (Lefkowitz and Lefkowitz, 2008) and loss of neurogenesis

in the hippocampus (Ekdahl et al., 2003). According to the present findings, Maciel et

al. (2018), showed that acute treatment with ketamine was able to decrease the activity

of MPO in some brain structures related to MDD. Thus, the present study suggests that
ketamine is capable of having a neuroprotective effect on MPO activity. Several pathologies
such as cardiovascular diseases, atherosclerosis, cancer, and neurodegenerative diseases are
associated with oxidation or modification of sulfhydryl groups to suggest their role in

the pathophysiology of these conditions. In fact, the present study showed that only male
rats subjected to maternal deprivation decreased the sulfhydryl content in the PFC and

the hippocampus, suggesting that maternal deprivation led to higher damage to proteins in
these brain regions and that this may also be related to sex. In addition, ketamine did not
affect the sulfhydryl content of male or female rats submitted to the maternal deprivation
protocol. This is the first study that shows the effect of ketamine on the sulfhydryl content in
brain regions of male and female rats submitted to maternal deprivation, suggesting that the
antidepressant effect of ketamine may be related to other brain pathways related to oxidative
stress, such as peroxidation lipid and protein carbonylation.

The present study showed that maternal deprivation was able to decrease the SOD and

CAT activities in the PFC and hippocampus of male and female rats. In fact, other authors
have already observed that in animals submitted to the maternal deprivation protocol, SOD
and CAT activities are reduced in brain regions related to mood regulation, such as PFC,
hippocampus, and nucleus accumbens (Réus et al., 2015c¢; Maciel et al., 2018). Besides, the
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present study also showed that deprived male and female rats treated with ketamine had no
changes in SOD and CAT activities. Gazal et al. (2014) demonstrated that treatment with
ketamine was able to decrease the activity of the antioxidant enzymes SOD and CAT in
animals submitted to an animal model of mania. Furthermore, Hou et al. (2013) showed
that the chronic administration of ketamine in animals submitted to the animal model of
schizophrenia was able to increase nitric oxide in the PFC, hippocampus, and serum, and
decreased the activity of SOD in the hippocampus. However, depending on the time that
ketamine is administered, it may have an antioxidant effect. As shown by Réus et al.
(2015c¢), SOD activity was increased in control animals that received ketamine for 14 days
in PFC and nucleus accumbens and were decreased in deprived animals that received saline
and ketamine.

Studies have already shown that women and men have differences in immune activation
(Fish, 2008) and that these differences in inactivation may be related to the symptoms and
prevalence of MDD. In fact, sexual differences in inflammatory markers related to MDD
were reported by Domenici et al. (2010), who found significant interactions between sex
and diagnosis, including growth hormones and proteins involved in the immune response.
IL-6 is a potent inflammatory cytokine, with a redundant and pleiotropic activity that
mediates a series of physiological functions, including lymphocyte differentiation, cell
proliferation, and survival, in addition to potentiating apoptotic signals (Kamimura et al.,
2003). Pre-clinical and clinical studies have shown that IL-6 may have an important role in
the pathophysiology of MDD as well as in the effects of its treatment (Nukina et al., 2001;
Jankord et al., 2010). Increased levels of 1L-6 can lead to hypothalamic-pituitary-adrenal
axis dysfunction, changes in synaptic neurotransmission, and reduced neurotrophic factors.
The present study showed that deprived male rats had an increased level of IL-6 in the
hippocampus and treatment with ketamine was able to reverse this effect. Nukina et al.
(2001) demonstrated that plasma concentrations of IL-6 increased after an hour of stress,
and shortly thereafter, gradually decreased. Still, another study showed that there was an
increase in IL-6 mRNA expression with an increase in circulating of IL-6 levels in the
hypothalamus of rats subjected to the stress protocol (Jankord et al., 2010). Regarding

the treatment with ketamine, Yang et al. (2013) showed that administration of this drug
significantly decreased the immobility time of the rats in the forced swimming test and
decreased the expression of IL-6 in the PFC and hippocampus. The findings of the present
study suggest that maternal deprivation was able to induce an inflammatory state in some
brain regions related to MDD and the antidepressant effects induced by ketamine may be
associated with decreased levels of IL-6 in the brain.

5. Conclusions

The results obtained with this researchmade it possible to observe the differences in the
action of ketamine in brain areas involved with MDD and also the activity of biomarkers
associated with depressive behaviors in male and female animals. Such results include
ketamine as a promising way of treating MDD, considering the reduction and reversal

of neuroinflammatory biomarkers. The experimental model of maternal deprivation was
also fundamental to obtain the results. However, it is necessary to observe the variables
highlighted in the discussion presented, considering the results obtained in male and female
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rats as well as the variables observed in different regions of the brain involved with MDD.

In this context, even though the results are effective with inflammatory and oxidative stress
biomarkers, further studies are suggested to evaluate the behavior of females and males in
other periods of life, as well as the possible inhibition of the estrous cycle, for investigation
of the discrepancies observed about maternal deprivation and the effects of ketamine in other
stages of life, especially in females. Finally, it is considered that the findings of this study
will contribute to future research in the search for new and increasingly effective treatment
alternatives for MDD.
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Fig. 1.

A:gEffects of MD and ketamine treatment on immobility, swimming, and climbing time in
male and female Wistar rats. Values are expressed as mean + E.P.M. *p < 0.05 vs. Control
+ Sal; #p < 0.05 vs. Deprived + Sal, according to oneway ANOVA followed by Tukey’s
post-hoc test; &p<0.05 vs. sex and groups interaction according to two-way ANOVA. B:
Effects of MD and ketamine treatment on the number of crossings and rearings in male and
female Wistar rats. Values are expressed as mean + E.P.M. *p < 0.05 vs. Control + Sal,
according to one-way ANOVA followed by Tukey’s post-hoc test.
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A: Effects of MD and ketamine treatment on TBARS levels in PFC and hippocampus

of male and female Wistar rats. Values are expressed as mean + E.P.M. *p < 0.05 vs.
Control + Sal, #p < 0.05 vs. Deprived + Sal, according to one-way ANOVA followed

by Tukey’s post-hoc test; &p<0.05 vs. sex and groups interaction according to two-way
ANOVA. B: Effects of MD and ketamine treatment on protein carbonyl levels in the PFC
and hippocampus of male and female Wistar rats. Values are expressed as mean + E.P.M.

*p < 0.05 vs. Control + Sal; #p < 0.05 vs. Deprived + Sal, according to one-way ANOVA
followed by Tukey’s post-hoc test. C: Effects of MD and ketamine treatment on nitrite/
nitrate concentration in PFC and hippocampus of male and female Wistar rats. Values are
expressed as mean £ E.P.M. * p < 0.05 vs. Control + Sal; #p < 0.05 vs. Deprived + Sal,
according to one-way ANOVA followed by Tukey’s post-hoc test; &p<0.05 vs. sex and
groups interaction according to two-way ANOVA. D: Effects of MD and ketamine treatment
on the sulfhydryl content in PFC and hippocampus of male and female Wistar rats. Values
are expressed as mean + E.P.M. * p < 0.05 vs. Control + Sal, according to one-way ANOVA
followed by Tukey’s post-hoc test; &p<0.05 vs. sex and groups interaction according to

two-way ANOVA.
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Fig. 3.
A: Effects of MD and ketamine treatment on SOD activity in PFC and hippocampus of

male and female Wistar rats. Values are expressed as mean + E.P.M. * p < 0.05 vs. Control
+ Sal, according to one-way ANOVA followed by Tukey’s post-hoc test; &p<0.05 vs. sex
and groups interaction according to two-way ANOVA. B: Effects of MD and ketamine
treatment on CAT activity in PFC and hippocampus of male and female Wistar rats. Values
are expressed as mean + E.P.M. * p < 0.05 vs. Control + Sal, according to one-way ANOVA
followed by Tukey’s post-hoc test.
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A: Effects of MD and ketamine treatment on MPO activity in PFC and hippocampus of
male and female Wistar rats. Values are expressed as mean + E.P.M. * p < 0.05 vs. Control
+ Sal; #p < 0.05 vs. Deprived + Sal, according to one-way ANOVA followed by Tukey’s
post-hoc test; &p<0.05 vs. sex and groups interaction according to two-way ANOVA. B:
Effects of MD and ketamine treatment on IL-6 levels in PFC and hippocampus of male and
female Wistar rats. Values are expressed as mean = E.P.M. * p < 0.05 vs. Control + Sal; #p
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< 0.05 vs. Deprived + Sal, according to one-way ANOVA followed by Tukey’s post-hoc test;
&p<0.05 vs. sex and groups interaction according to two-way ANOVA.
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